Introduction Spontaneous reporting of suspected adverse drug reactions is key for efficient post-marketing safety surveillance. To increase usability and accessibility of reporting tools, the Web-Recognising Adverse Drug Reactions (WEB-RADR) consortium developed a smartphone application (app) based on a simplified reporting form. Objective The objective of this study was to evaluate the characteristics, quality and contribution to signals of reports submitted via the WEB-RADR app.
Methods
The app was launched in the UK, the Netherlands and Croatia between July 2015 and May 2016. Spontaneous reports submitted until September 2016 with a single reporter were included. For each country, app reports and reports received through conventional means in the same time period were compared to identify characteristic features. A random subset of reports was assessed for clinical quality and completeness. The contribution to signal detection was assessed by a descriptive analysis. Results Higher proportions of app reports were submitted by patients in the UK (28 vs. 18%) and Croatia (32 vs. 7%); both p \ 0.01. In the Netherlands, the difference was small (60 vs. 57%; p = 0.5). The proportion of female patients and the median patient ages in app reports submitted by patients were similar to the reference. The proportion of reports of at least moderate quality was high in both samples (app: 78-85%, reference: 78-98%), for all countries. App reports contributed to detecting eight potential safety signals at the national level, four of which were eventually signalled. Conclusion The WEB-RADR app offers a new route of spontaneous reporting that shows promise in attracting reports from patients and that could become an important tool in the future. Patient demographics are similar to conventional routes, report quality is sufficient despite a simplified reporting form, and app reports show potential in contributing to signal detection.
Introduction
In spontaneous reporting systems, cases of suspected adverse drug reactions (ADRs) are reported with the aim to detect signals. A signal can be either a new unknown adverse reaction or a new aspect of an already known association [1] . Spontaneous reporting systems receive reports from different sources and through different reporting means. These systems have many advantages, such as operating for all drugs during their whole life cycle and being an affordable method for detection of serious and rare ADRs. Spontaneous reporting has led to the identification and verification of many unexpected and serious ADRs [2] [3] [4] . Potential disadvantages of spontaneous reporting are that no incidences can be calculated due to reporting bias and a lack of information on the number of exposed patients [5] . Underreporting may make it difficult to reach conclusions regarding relative risks, and may hamper the detection of safety signals. There are various potential reasons for underreporting, such as lack of time, different care priorities, uncertainty about the drug causing the ADR, inaccessible reporting forms, lack of awareness of the requirements for reporting and lack of knowledge regarding the purpose of spontaneous reporting systems. Well-known and non-serious ADRs are less likely to be reported [6, 7] .
Current technologies lead to new opportunities for ADR reporting. The number of people using a smartphone or tablet computer for health-related reasons is high, especially among those who are young, have a high level of education, a high income and with selfreported excellent health [8] . These technologies, including mobile applications (apps), may serve as new methods to collect spontaneous ADR reports. Healthcare professionals and patients view apps as accessible tools that may increase the reporting of ADRs. However, these tools need to be usable, visually attractive and available in the languages of the intended users [9] . A previous study indicates that most patients prefer an app, and experience apps as efficient and realistic methods of reporting vaccine adverse events [10] . Lack of time is mentioned as an influencing factor in ADR reporting [9] , and a study in USA used the Medwatcher app to report ADRs concerning the medical device Essure Ò to the US Food and Drug Administration [11] . It showed that an average app report takes 11 min to complete compared with 40 min by traditional reporting. The study also found these app reports to be of a high average quality as measured by the vigiGrade completeness score, [12] with an average of 0.8 (range 0-1). For a report to be of most use for signal detection purposes, it needs to contain high-quality clinical information [13] , which is needed for a good causality assessment. However, little is known concerning the characteristics, quality and the contribution to signal detection of spontaneous ADR reports submitted via an app compared with conventional routes. Consequently, the aim of this study was to evaluate the characteristics, quality and contribution to signal detection of spontaneous reports via an accessible app.
Methods

Data Collection
WEB-RADR app
The Web-Recognising Adverse Drug Reactions (WEB-RADR) project [14] developed an app for spontaneous reporting of ADRs, based on a simplified reporting form. This WEB-RADR app was used to collect the app reports used in this study. The form contained questions about the patient, the suspected drug(s), ADR(s), and medical history and is fully compatible with the ICH-E2B(R2) format, which is a current standard for the electronic transfer of ADR reports [15] . In designing the app, we tried to create a reporting form that would be easy to use and quick to complete on a mobile device. By reducing the number of structured fields, and allowing for more free text, the number of questions to answer was drastically reduced. Additionally, by letting the answer on a previous question trigger the next one, the burden on the reporter was further reduced. For example, in the conventional web form, several separate questions are asked regarding the ADR, whereas in the app, these questions can be answered more freely in one single text field. This type of simplification is used throughout the form. Besides the reporting functionality, the app also provided drug safety information [9] . Users were able to create a list of medications on which to receive news from the national competent authority (NCA), and to view numbers of reports received by the NCA.
The app was launched in three countries: UK (July 2015), Netherlands (January 2016) and Croatia (May 2016). The app was promoted through social media in the UK, and through a press release and information on the Lareb website in the Netherlands. In Croatia, the app was introduced in a press conference and received national media attention.
Data Extraction and Processing
The data collection period was between the launch date of the app in each country and 1 September, 2016. All reports within the time period for each country were extracted from VigiBase, the World Health Organization global database of individual case safety reports [16] . The data were filtered to meet the following criteria: (1) report type ''spontaneous'' to exclude study reports; (2) a single reporter that is either a patient or healthcare professional; and (3) the earliest available version of all reports to avoid introducing a bias owing to differing follow-up procedures. Reporter type ''patient'' was defined as the category ''consumer/non-health professional'', and reporter type ''healthcare professional'' as ''physician'', ''pharmacist'' or ''other health professional'' in the ICH-E2B reporting standard [15] . Reports from market authorisation holders and automatically generated reports from external sources such as poison control centres were excluded because these types of reports could not be collected through the WEB-RADR app. A reference sample of reports from conventional sources was collected for each of the three countries during the same period that app reports were collected for that country. These reports consist of approximately 95% electronic reports for the Netherlands and the UK, and about 30% for Croatia. The other reports were received on paper. The questions on the paper forms and electronic forms are close to identical to meet the ICH-E2B reporting standard [15] . The reference sample was extracted from VigiBase together with the app reports and adhered to the same criteria. [17] was used on the full dataset for the comparison between the reports received through the app and the reference sample. vigiPoint automatically highlights key features in a user-defined case series compared to a reference sample using log-odds ratios (ORs) to identify statistically significant differences between the case series and the reference sample in various pre-defined stratifications such as patient age, sex, co-reported drugs, co-reported ADRs, drug indication, type of reporter and geographical location. A key feature is defined as having a log OR 005 [ 0.5 or a log OR 995 \ -0.5, where log OR 005 and log OR 995 are the lower and upper limits of the 99% credibility interval of the log OR, respectively. Requiring that the credible interval is at least 0.5 above or below zero ensures that the key feature, apart from being statistically significant, also deviates enough to be considered a characteristic feature of the case series. The vigiPoint analysis was performed using all extracted reports and was done for each country separately.
Analysis
Reports Submitted by Patients
The difference in the proportion of patient reports between the app and reference sample was compared for each country separately, using the v 2 test. P values \ 0.01 were considered statistically significant. For the subset of reports from patients, patient age and sex were compared between the app and the reference sample for each country separately, using the Mann-Whitney U test and the v 2 test, respectively. P values \ 0.01 were considered statistically significant. Because the vigiPoint analysis includes both patient and healthcare professional reports, and the Mann-Whitney U test and the v 2 test use different approaches in measuring statistical differences, the results between the vigiPoint and the two traditional tests are not identical.
Quality of Reports
Clinical Documentation Tool
To measure and compare the clinical quality, a subsample of a maximum of 100 app reports and a corresponding number of reference reports were selected randomly for each country by the Uppsala Monitoring Centre using VigiBase. The randomisation was performed using a fixed ratio between reports sent by healthcare professionals and reports sent by patients, based on the country-specific proportion in the app reports. App reports and reference reports were manually scored by blinded assessors, separately for each country, with the clinical documentation assessment tool ClinDoc [13] . The assessors used the report version stored in their national database. Clinical quality was divided into three categories: well (C 75%), moderately (46-74%) or poorly (B 45%) documented reports. The proportion of reports of at least moderate clinical quality was compared between app reports and reference reports, using a v 2 test. A p value \ 0.01 was considered statistically significant.
vigiGrade Completeness Score
The manually assessed reports were also subjected to an automated evaluation of quality using vigiGrade [12] . The vigiGrade completeness score measures how complete the information on the report is, based on a selection of ICH-E2B fields sent from the national databases to VigiBase. Each report field carries a weight depending on the field's importance in regard to causality assessment. The score ranges between zero and one, where zero represents a report with all considered fields empty, and one represents a fully complete report.
Duplication Rate
With the introduction of an additional reporting route, report duplication is a potential concern. To identify possible duplicate reports both within each sample and between the app and reference samples, an automatic algorithm called vigiMatch was used. vigiMatch uses a probabilistic hit-miss model, by scoring a report pair while taking into account the amount of matching data. If the calculated total score reaches above a pre-set threshold, the report pair is flagged as a suspected duplicate [18, 19] .
Each report within the dataset that is flagged as a suspected duplicate will be counted, regardless whether its suspected duplicate is within the dataset used in this study or not. For example, if one report is flagged as a suspected duplicate, but its pair entered VigiBase before or after the dates defined for the datasets in this study (until January 2017), it is counted as one suspected duplicate. However, if its duplicate pair is within the study sample, both will be counted as both are flagged as suspected duplicates. Note that the countries perform some duplicate detection in their own database before submitting reports to VigiBase.
Prospective Contribution of App Reports to Signal Detection
The contribution of app reports to signal detection can highlight the potential value of app reports. This was quantified by counting how many drug-event combinations, analysed potential signals and issued signals that included any app reports. The following signal detection processes were investigated: (1) NCAs in the three countries and (2) Uppsala Monitoring Centre.
Identifying Signals in National Competent
Authorities In the Netherlands and Croatia, case-by-case review is performed to identify signals. The Netherlands is also performing disproportionality analysis as a supportive measure on the reports that are not assessed manually, mostly those submitted by pharmaceutical companies. In the UK, drug-event combinations of potential interest are flagged for assessment based on pre-defined criteria. These criteria include both statistical methods to identify drugevent combinations that are disproportionately present in the database and rule-based approaches to highlight populations or events of particular interest and particularly serious cases. Signal assessors then review the drug-event combinations. When identifying a potential signal, these are discussed at a signal detection meeting where it is decided whether further action is required.
Identifying Signals at the Uppsala Monitoring
Centre At the Uppsala Monitoring Centre, the first step for signal detection is performed in a signal detection sprint, in which initial assessments of drug-event combinations take place with a pre-defined set of filters (usually at the report and drug-event combination level with a specific theme). After filtering, drug-event combinations are ordered using vigiRank [20] . Drug-event combinations are assessed manually in order of decreasing vigiRank score, and a subset of drug-event combinations are taken further for an in-depth manual assessment.
Contribution of App Reported Drug-Event Combinations at the European Medicines Agency
Reports from the app are not distinguished in EudraVigilance (operated by the European Medicines Agency on behalf of the European Union medicines regulatory network) and therefore no prospective analysis of the contribution to signal detection could be performed. Drug-event combinations were identified for the reports received via the app, and the Proportional Reporting Ratio [21] was calculated based on all EudraVigilance reports to identify signals of disproportionate reporting. A distinction was made between products authorised through the single 'centralised' procedure for the European Union (using a European Medicines Agency internal signal detection tracking table) and products authorised through other procedures (using the European Issues Tracking Tool, EPITT). It was investigated how many of these drug-event combinations would have qualified as a validated signal including those that were identified historically.
Results
Data Collection
The resulting number of app reports collected was 144 for the UK, 106 for the Netherlands and 37 for Croatia. The number of reports in the reference sample, collected during enough to be considered a vigiPoint feature, the bar and line are coloured yellow and red if the app sample has a higher proportion of reports, and coloured light blue and dark blue for the opposite scenario the same time period, was 22,582 for the UK, 5779 for the Netherlands and 307 for Croatia. 
Analysis
Reports Submitted by Patients
In the app sample (n = 287), 116 (40%) were patient reports. For the UK and Croatia, there was a significantly (p \ 0.01) larger proportion of patient reports in the app sample (UK = 28%, Croatia = 32%), compared with the reference sample (UK = 18%, Croatia = 7%). For the Netherlands, there was no significant difference between the proportions of patient reports in the app sample (60%), compared with the reference sample (57%). There was no significant difference (p C 0.16 for all countries) in the distributions of patient sex in patient reports for the app sample, compared with the reference sample ( Table 1 ). There was no significant difference in patient ages for patient reports sent in via the app (median ages: UK = 42.5 years, the Netherlands = 47.5 years, Croatia = 38.0 years) compared with reference reports (median ages: UK = 44.0 years, the Netherlands = 45.0 years, Croatia = 36.0 years), p C 0.17 for all countries.
Quality of Reports
The resulting randomised datasets used for the quality assessments contained 100 app reports and 100 reference reports each for the UK and the Netherlands. For Croatia, 37 app reports and 68 reference reports were included because they had not received 100 app reports and the reference sample did not contain a sufficient number of patient reports.
Clinical Documentation Tool
For all countries, the proportion of reports of at least moderate clinical quality was high for both the app and reference sample, but overall lower for the app sample (UK = 83%; the Netherlands = 85%; Croatia = 78%) compared with the reference sample (UK = 92%, p = 0.08; the Netherlands = 98%, p \ 0.01; Croatia = 78%, p = 1.0) (Fig. 4) .
vigiGrade Completeness Score
For all countries, the vigiGrade completeness score was high for both the app and reference samples, but overall lower for the app samples (Fig. 5) .
Duplication Rate
The fractions of duplicate reports among the app reports were similar or lower than among the reference reports. For the UK, 1.4% of the app reports were suspected duplicates compared with 1.8% of the reference reports. For the Netherlands, the proportions of suspected duplicates were 0.0% for the app reports and 0.5% for the reference reports. For Croatia, these percentages were 2.7% and 0.0%, respectively.
Prospective Contribution of app Reports to Signal Detection
In the national signal detection processes in the three countries, app reports contributed to the analysis of eight potential safety signals resulting in four issued signals (Table 2) . A potential safety signal is defined as a drugevent combination that has undergone an initial manual assessment and is in need of a more in-depth review. No app reports contributed to signals raised through VigiBase. Note that this analysis was conducted in the national databases at a later date than the main data extraction described in Sect. 2.1.2, hence the number of app reports is higher.
'Relevance' of App Reported Drug-Event Combinations at the European Medicines Agency
In the analysis from the European Medicines Agency, it was shown that 19 drug-event combinations reported through the app had been validated signals in the past (Table 3 ).
Discussion
Current technologies lead to new opportunities for ADR reporting. Within the WEB-RADR project, an app for twoway safety communication and spontaneous reporting of ADRs was developed. We evaluated the characteristics and quality of spontaneous reports submitted via this app in the UK, the Netherlands and Croatia, and compared them with conventional reports. Our results indicate no differences in patient demographics, and they display a higher proportion of patient reporting through the app. Further, despite the use of a simplified reporting form, the app reports were of sufficient quality, albeit slightly lower than in the conventional reports. The usefulness of the app reports is further supported by the finding that they contributed to eight potential safety issues at the national level, four of which were eventually signalled. A higher proportion of patients reported via the app than via conventional means in the UK and Croatia, whereas in the Netherlands, the difference was small and non-significant. A possible explanation for this difference across the countries is that the UK used social media to promote the app, and that this way of promotion might have attracted more patients than healthcare professionals to the app. Croatia managed to gain national media attention for the app, which also might have increased uptake and reporting by the general public. In the Netherlands, the promotion consisted of a press release and information on the website. Another possible explanation might be that in the Netherlands, the proportion of patient reports in the reference sample is high (in 2016, 55% of all reports that were sent directly to Lareb were from patients). This high percentage of patient reporting might make it more difficult to see trends of increased reporting in such a limited sample of app reports.
The proportion of reports of at least moderate quality was high in both groups, for all countries, but overall lower for app reports. The reason for this could be that the app reporting form has been simplified to make reporting faster and easier. The standard reporting forms used in the three countries are more extensive, which facilitates good-quality reports as recognised by the methods used in this study, but may also form a barrier for reporting. The results from this study are encouraging because a simplified reporting form still yields reports of comparable quality for signal detection purposes.
When introducing a new reporting route, one concern would be the potential for increased duplicate reports being received. However, using probabilistic record matching, the study shows that app reports do not contribute to more potential duplicates than reports from conventional means.
Although there were limited differences between app reports and reference reports in each national setting, there were clear differences when comparing the different national reporting systems to each other. Although not the subject of this article, differences in national reporting systems are expected because of a range of issues including awareness levels, cultural differences, differing healthcare settings, promotional tactics and system maturity. Approaches to data collection also differ between individual NCAs, reflecting differing national and global requirements. There may be value in future work to further characterise these differences and reduce unnecessary inconsistencies across the global pharmacovigilance network.
In reports with high quality, a more reliable causality assessment can be performed, and cases with high quality are therefore more valuable from a signal detection point of view. However, the usefulness of a report cannot be entirely determined on the basis of its quality alone, its contribution to signal detection also needs to be investigated to be useful for pharmacovigilance purposes.
In this study, the contribution of app reports to signal detection was investigated. For the NCAs and the Uppsala Monitoring Centre, this was conducted in a prospective manner, i.e., the contribution to signal detection was measured from the first day of the app report until the last day of the data collection period. The European Medicines Agency analysis examined the 'relevance' of app reported Analysis from this study suggested that the app reports can contribute to signal detection, and consequently that they are a valuable asset alongside other reporting mechanisms. Users of the app in the Netherlands are primarily new reporters that have not reported by conventional means. Out of the 52 first app reports, 43 came from new reporters and nine from previous reporters, based on the reporters e-mail address [22] . The fact that we obtained these reports through the app suggests that the reporter considered it the most convenient way of submitting it.
Because of the nature of analysis of spontaneous cases and differing signal detection methodologies, it cannot be determined whether a signal may have undergone evaluation irrespective of the inclusion of reports received via the app. We have examined whether app reports led to regulatory discussions about a potential safety issue, using the Good Pharmacovigilance Practice definition of a signal [23] . However, even if no regulatory action was deemed to be required, reports received via the app can contribute to evidence, which warrants further investigation.
Strengths and Limitations of the Study
The study used an identical data collection period for app and reference reports, and in this sample all app reports received were included. This means that if there are certain time-dependent reporting biases such as for example media attention to a certain ADR, the chance would be equal that this would be reported through either the app or through conventional means and not create a bias in the sample.
Another strength of the study is that the quality of the reports has been measured with two different methods. With vigiGrade, the technical completeness of the reports was evaluated and with the ClinDoc, the clinical quality was manually evaluated, making sure that two parameters representing the quality of the reports were included in the analysis.
A limitation of the study is the relatively low number of reports received through the app (n = 287). Because of the low number of reports, it is difficult to say how generalisable the results are. With a larger sample size, it would have been possible to draw firmer conclusions as to the characteristics of the reports and their contribution to signal detection. One specific concern is that insufficient numbers of reports were collected, particularly for Croatia, to statistically detect true differences between the two sources of reports. It is therefore important to continue promoting the use of the app and after more reports are collected, to redo this analysis to see if the conclusions drawn from this study are still valid. The low number of app reports in this study is not surprising because this is a new route of reporting and it will need time to become an integral part of the promotion of ADR reporting.
Clearly, app reports did not contribute to every signal investigated since the launch. However, the fact that they contributed to a number of signal evaluations, in the limited time since the apps were launched, shows their value as an additional reporting route amongst the range of pharmacovigilance tools that might be used to gather information on the safety of medicines. Of course, we cannot assess whether the reports would have been received by other routes had the apps not been available. However, the fact that the app was the preferred route of reporting for those individuals indicates that for at least part of the reporting community, the availability of reporting via mobile apps is helpful in the communication of suspected side effects.
Conclusion
New reporting tools such as the WEB-RADR app offer a complementary route of spontaneous reporting. Patient demographics are similar to conventional reporting routes, and report quality is sufficient despite a simplified reporting form.
The addition of new reporting methods is important to attract more reporters. Although the app report sample was small, the data show that the app has managed to attract patients as reporters to a larger relative proportion than conventional reporting routes, and that the app reports show potential in contributing to finding new signals. 
